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Loss of Correlated Motor Neuron Activity
during Synaptic Competition
at Developing Neuromuscular Synapses
hand, synapse loss has been shown to occur during
adult reinnervation in the apparent absence of pre- or
postsynaptic activity (Costanzo et al., 2000), suggesting
that activity may not be required for competition to oc-
cur, at least under some circumstances. Little informa-
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tion, however, exists about the patterning of motor neu-
ron activity during the perinatal period of naturally
occurring synaptic competition, how patterning maySummary
change over time, and how these changes may affect
neuromuscular synaptic competition.During late stages of neural development, synaptic
circuitry is edited by neural activity. At neuromuscular To address these questions, single motor neuron ac-
tivity was recorded in awake, behaving neonatal mice.synapses, the transition from multiple to single in-
nervation is modulated by the relative pattern of activ- Monitoring motor behavior over several hours showed
that postnatal day 8 (P8) and younger mice stood withinity among inputs competing for innervation of the
same muscle fiber. While experimental perturbations their nest 80% of the time. Thus, recordings were
made from the soleus, a muscle active during stanceof activity result in marked changes in the timing of
neuromuscular synaptic competition, little is known as well as locomotion. Motor neuron activity was as-
sessed by recording the activity of single motor units,about the patterns of activity present during normal
development. Here, we report the temporal patterning a motor neuron and all the muscle fibers it innervates,
using electromyographic (EMG) techniques. Electromy-of motor unit activity in the soleus muscle of awake,
behaving neonatal mice, and that patterning is modu- ography allows the recording of the compound muscle
fiber action potential generated when a motor neuronlated by gap-junctional coupling. Our work suggests
that neuromuscular synaptic competition is modu- action potential leads to action potentials in the group
of muscle fibers innervated by that motor neuron. Highlated by surprisingly low levels of activity and may be
triggered by the disappearance of temporally corre- resistance microelectrodes are used to record the com-
pound muscle fiber action potential signature of differ-lated activity among inputs competing for innervation
of the same muscle fiber. ent motor units. Because of the spatial relationship be-
tween the electrode and different groups of contracting
muscle fibers, the shape of the compound muscle fiberIntroduction
action potential varies across motor units and allows
different units to be discriminated and their activity toNeural activity profoundly affects the editing of synaptic
connections throughout the central and peripheral ner- be compared. At birth, most, if not all, motor axon inputs
to muscle fibers are suprathreshold (cf. Brown et al.,vous system. In target tissues as functionally diverse
as visual cortex, cerebellum, autonomic ganglia, and 1976); thus the temporal patterns of recorded compound
muscle fiber action potentials reflect the activity of theskeletal muscle, functional synapses are edited out of
neural circuits during perinatal life in an activity-depen- motor neuron that innervates that group of muscle
fibers.dent fashion (reviewed in Lichtman and Colman, 2000).
At neuromuscular synapses, a competitive transition The soleus muscle is innervated by a relatively small
number of motor neurons (20) (Fladby, 1987), makingfrom multiple to single innervation occurs during perina-
tal development that is modulated by the relative pattern this discrimination relatively straightforward in both neo-
nates and adults (Hennig and Lomo, 1985; Eken, 1998).of activity among motor inputs innervating the same
muscle fiber. Experimental perturbations of activity re- Muscle fibers innervated by different motor neurons are
intermingled across the entire muscle (Soileau et al.,sult in marked changes in the time course of the transi-
tion from multiple to single innervation. Blockade of ac- 1987), without the spatial compartmentalization com-
tivity generally slows the appearance of single innervation, mon in many other muscles. This means that EMG re-
while enhancement of activity accelerates it (Callaway cordings made from one muscle region sample the ac-
et al., 1987; Ribchester, 1993; Ribchester and Taxt, 1983; tivity of the same motor units, which are present in other
Ridge, 1984; Thompson, 1983, 1985). Moreover, the pat- muscle regions. At birth, individual soleus muscle fibers
tern of activity, rather than the total amount of activity, are innervated by 2–5 axons (Brown et al., 1976). This
appears to be key in modulating the outcome of compe- high degree of convergence suggests that any two dis-
tition in a largely Hebbian fashion (Thompson, 1983). criminated motor units are likely to coinnervate many
Synchronous activation of postsynaptic sites appears of the same muscle fibers, but that each will generate its
to be advantageous for all competitors, slowing synapse own signature compound muscle fiber action potential
elimination (Busetto et al., 2000), while differential acti- because no two motor neurons innervate precisely the
vation of postsynaptic sites results in inactive synapses same group of muscle fibers. For these reasons, single
losing the competition and becoming permanently de- motor unit EMG recordings were obtained from awake,
leted (Balice-Gordon and Lichtman, 1994). On the other behaving neonatal mice and allowed the pattern of motor
neuron activity to be determined during the time that syn-
aptic competition occurs at neuromuscular synapses.1 Correspondence: rbaliceg@mail.med.upenn.edu
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Figure 1. Single Motor Unit Recordings from Awake Neonatal Mice during the Postnatal Period of Synapse Elimination
(A) The percentage of multiply innervated junctions was determined from immunostained muscle whole mounts (n  3 muscles at each age,
25–90 junctions per muscle; mean  SEM). Gray bars indicate the ages that motor unit recordings were obtained.
(B) At P1, several motor axons (green) are closely intertwined before they terminate over postsynaptic acetylcholine receptor clusters (red).
By P7, some junctions are innervated by a single axon branch (asterisk). By P14, virtually all junctions are innervated by a single axon (asterisk).
Scale bar  40 m, P1; 20 m, P7, P14.
(C) P0–P15 mouse pups were anesthetized and the soleus muscle exposed. The forelegs of standing mice were wrapped in a Kimwipe pinned
to a recording dish, and hindlimbs were restrained in soft dental wax to limit movements. Recording electrodes were inserted longitudinally
into the soleus muscle belly near the endplate band (colored dots in middle enlargement). Acquisition began as mice recovered from anesthesia
and spontaneous motor unit activity was observed. Signals were acquired digitally and analyzed using interactive software. The activity of
different motor units (red, blue, and green) was discriminated by recording the compound muscle fiber action potential (red, blue, and green
waveforms) whose shape depended on the spatial relationship between muscle fibers and the electrode.
Results that observed in other rodent muscles (reviewed in
Lichtman and Colman, 2000). Based on these observa-
tions, EMG recordings were made from P0–P4 miceRecording of Single Motor Unit Activity in Awake,
Behaving Neonatal Mice when 80%–100% of muscle fibers are multiply inner-
vated, from P5–P6 mice when 70% are multiply in-The soleus muscle, which is active during stance as well
as locomotion, was selected for single motor unit EMG nervated, from P8–P9 mice when 50% are multiply
innervated, and from P14–P15 mice when 100% ofrecording based upon analyses of motor behavior in
neonatal mice over several hours. P3–P9 pups stood muscle fibers are singly innervated.
To record spontaneous single motor unit activity dur-80% of the time (79%  0.01%), periodically moving
their limbs in intermittent swimming movements during ing standing, neonatal mice were placed in a paper re-
straint that allowed movement but prevented them fromnursing or to change position. P3–P9 pups remained
grouped together 100% of the time (n  24; 100%  crawling away during the recording session. After im-
planting microelectrodes (Figure 1C), stable single mo-0.01%). However, P15 pups changed positions within
the nest more frequently than younger mice, moving tor unit activity was obtained from awake P0–P15 mice
for periods of 1–2 hr (3474  119 s), although individualtheir limbs in intermittent swimming movements 30% of
the time (30%  0.05%), but remained within the nest motor units were rarely active throughout the entire re-
cording period. The activity of single motor units wasnearly all of the time (98% 0.01%). These observations
indicated that recording from the soleus during standing discriminated from the raw single unit EMG record
based upon the unique waveforms of the compoundwould largely reflect natural behavioral and activity pat-
terns. muscle fiber action potential using interactive software
(Figure 2A). The uniqueness of each discriminated motorThe developmental time points for motor unit re-
cordings were selected after determining the time unit was assessed by determining the amplitude, dura-
tion, and first and/or second major slopes of each wave-course of synapse elimination by counting the number of
immunohistochemically labeled axons innervating each form assigned to a discriminated motor unit. Subse-
quent MANOVA analysis with post hoc multivariatemuscle fiber. Nearly 100% of soleus muscle fibers are
multiply innervated by 2–6 motor axons at birth (2.7  significance tests between each pair of cluster centroids
verified that the motor unit waveforms discriminated0.1), while nearly 100% of muscle fibers are singly inner-
vated by P14 (Figure 1A). This time course is similar to from a single channel were significantly different (Figure
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Figure 2. Discrimination of Single Motor Units
(A) Raw EMG recordings from the soleus muscles of a P1 mouse (scale bar  0.12 mV, 3 s). Three motor units discriminated from this record
(red, blue, and green vertical lines), and an overlay of 15 waveforms for each unit are shown (scale bar  0.12 mV, 2 ms). Additional motor
units are present in the raw recording, but the low number of events across the entire record precluded further analysis.
(B) The amplitude, duration, and first and second major slopes were determined for each discriminated waveform across the entire record
and were plotted as shown for the red, blue, and green discriminated motor units in (A). MANOVA analysis with post hoc multivariate significance
tests between each pair of cluster centroids was used to determine that each discriminated single motor unit within a recording was unique.
2B). While waveform shape was somewhat more vari- frequency histograms were highly skewed toward long
intervals because motor units were active over shortable at younger than at older ages (Westerga and
Gramsbergen, 1994), single motor units could be readily intervals across the entire recording (cf. Figures 2A and
3C). The median motor unit firing frequency did notidentified even in P0 mice. Qualitatively, the single unit
EMG traces from neonates were similar to those ob- change from P0–P9, but remained surprising low
throughout this period (0.5 Hz) (Figure 3A; Table 1).served in freely moving adult rat soleus muscle by Hen-
nig and Lomo (1985) and Eken (1998). Eight to ten motor However, median motor unit firing frequency increased
to 3–4 Hz by P14–P15 (p  0.001, Kruskal-Wallis withunits could be discriminated from most records, but
typically 2–5 motor units had enough action potentials Dunn’s pairwise comparison) (Figure 3; Table 1). Motor
units with relatively slow firing frequency (1 Hz) wereto be analyzed further.
To determine whether motor unit activity was primarily observed at all ages, but motor units with higher firing
frequency (9–12 Hz) (Figure 3A; Table 1), approachingbeing recorded from the soleus muscle or also from
surrounding muscles, recordings were made before and those reported in freely moving adult rats (Hennig and
Lomo, 1985; Eken, 1998), were observed only in P14–after the soleus muscle was denervated by nerve cut
(n  3 P5–P6, 3 P8–P9, and 4 P14–P15 mice). A robust P15 mice. Thus, the frequency of motor unit firing is
relatively low during the first week after birth, and motordecrease in EMG activity was observed in all denervated
muscles at all time points examined (p  0.05, two-way units with relatively mature firing frequency are observed
only at P14–P15.t test) (data not shown). In some cases, a small amount
of low amplitude motor unit activity remained in some In addition to the developmental change in motor unit
firing frequency, there was also a change in the patternmuscles after denervation, but the amplitude of these
waveforms was typically much smaller than that of dis- of motor unit activity during the first 2 weeks after birth.
About 90% of motor units from P0–P9 mice (71/78)criminated motor units from innervated muscles. Thus,
it is unlikely that analyses of soleus motor unit activity showed low levels of maintained activity with shorter
periods of moderately higher and variable firing fre-are contaminated by activity from other muscles. Simul-
taneous recordings from the adjacent lateral gastrocne- quency (Figure 3B). By P14–P15, the variability in firing
frequency appeared to be reduced, but motor units weremius muscle showed no change in its overall activity
after soleus denervation (p  0.42, two-way t test). typically intermittently active, with periods of higher-
frequency activity interspersed with periods of low orTherefore, the reduction of soleus motor unit activity
after denervation was not due to a nonspecific decrease no activity (25/25 motor units) (Figure 3B). These obser-
vations show that there is a qualitative change in thein overall animal activity. Together, these analyses dem-
onstrate that the activity of individual soleus motor units pattern of motor unit activity, from low levels of sus-
tained activity to intermittent periods of higher-fre-could be recorded and discriminated for long periods
from the soleus muscle in awake, behaving neonatal mice. quency activity, consistent with soleus whole muscle
EMG recordings (Brocard et al., 1999).
Progressive Increase in Spontaneous Motor
Unit Activity during Postnatal Life Motor Unit Activity Is Temporally Correlated
around BirthTo determine how motor unit activity changes during
early neonatal development, median motor unit firing To further analyze patterns of motor unit activity, and
to determine the relative activity of motor neurons thatfrequency was determined across the entire recording.
Median values were used because instantaneous firing- innervate at least some of the same muscle fibers, cross-
Neuron
398
around the time of birth, and the prevalence of correlated
activity decreased during the first week after birth.
The strength of temporal correlations between soleus
motor unit pairs was assessed using an index, k-1, that
compares the size of the peak in the crosscorrelogram
relative to background events (Nordstrom et al., 1992)
(see Experimental Procedures). When the index k-1 was
larger than 0.3 (indicating that 30% more events were
present within the peak than would be expected due to
chance), a distinct peak was observed in the crosscor-
relogram (Figure 4C, dashed line). Motor unit pairs with
no peak evident in the crosscorrelogram had index k-1
values of 0.31 to 0.26 (0.00  0.01) (Figure 4C; Table
1). A significant difference in the median index k-1 value
was observed between P0–P2 and P14–P15 motor unit
pairs (p  0.017, Kruskal-Wallis with Dunn’s pairwise
comparison) (Figure 4C; Table 1). No reduction in this
measure of the strength of correlation was apparent
between P0–P2 and P5–P6 (p  0.05, Kruskal-Wallis
with Dunn’s pairwise comparison), suggesting that there
may either be a threshold for detecting correlations or
that the mechanisms that modulate correlations are rela-
tively all-or-nothing. These observations show that the
activity of soleus motor units from P0–P2 mice were
temporally correlated and that correlations were no
longer present after P8–P9.
Because, under some circumstances, short-term syn-
chronization in animals and humans has been shown to
be related to motor unit firing frequency (Ellaway and
Figure 3. Changes in the Frequency and Pattern of Motor Unit Activ- Murthy, 1985; Nordstrom et al., 1992), we determined
ity during Postnatal Life
whether the strength of temporal correlation was depen-
(A) From P0–P9, the median motor unit firing frequency was 0.5 0.1 dent upon the rate of motor unit firing. We found that
Hz, while, by P14–P15, the median firing frequency was significantly
the strength of correlation did not vary with motor unithigher at 3.6 0.7 Hz (p 0.001, Kruskal-Wallis with Dunn’s pairwise
firing frequency, because no relationship was observedcomparison) (Table 1). Closed circles represent firing frequency of
between the index k-1 and firing rate (r2  0.23) (Figureindividual motor units; open circles represent mean  SEM; open
squares represent median firing frequency. 4D). Moreover, when motor unit activity was intentionally
(B) Raw EMG records (top; scale bar  0.25 mV, 100 s) and the increased several fold by using tail pinch to evoke a
activity pattern of discriminated single motor units (below; scale ballistic motor response, no sharp peaks in the crosscor-
bar  0.25 mV, 100 s) from a P1 and P14 mouse. When instanta-
relograms of discriminated motor unit pairs firing atneous firing frequency was averaged across bins of 10 s (bottom
higher frequency were apparent (see Figure 5C). Thus,traces), a sustained, low level of motor unit activity is observed at
the presence of temporal correlation did not dependP1, although epochs of higher frequency are present (arrows; scale
upon the frequency of motor unit firing.bar  3 Hz, 100 s). By P14, motor unit activity was characterized
by infrequent periods of high-frequency firing (scale bar for bottom We next determined the time scale of correlation
trace  8 Hz, 100 s). among the firing of motor unit pairs. The location and
duration of the sharp peak in the crosscorrelation was
determined from the region of positive slope in the cu-
correlation analyses were performed to compare the mulative sum plot of all events within the crosscorrelo-
relative activity of pairs of discriminated single motor gram (Ellaway, 1978). The duration of the sharp peaks
units (Sears and Stagg, 1976). Crosscorrelograms were in crosscorrelograms constructed with 100 ms bins was
generated over periods of 25 s centered on the firing 2.2  0.6 s at P0–P2 and 2.3  0.4 s at P5–P6 (Table
of one motor unit, designated the reference motor unit, 1). In one pair at P0–P2, the peak duration was 100
using 100 ms bins. A sharp peak in the crosscorrelogram ms, but the remainder of pairs had peak widths in the
indicates that the activity of two discriminated motor range of 1–3 s (Table 1). Because a bin size of 100 ms
units is temporally correlated (Sears and Stagg, 1976; might obscure correlations that occur on a finer time
Ellaway, 1978). scale, we also constructed crosscorrelograms for each
These analyses indicated that 12 of 19 motor units motor unit pair using bin widths of 50, 25, and 5 ms. No
from P0–P2 (63%), 5 of 13 motor units from P3–P4 (39%), differences were observed in the duration of the peak
8 of 25 motor units from P5–P6 (32%), and 1 of 21 among the bin widths used (Figure 4E; other compari-
motor units from P8–P9 mice (9.5%) showed temporally sons not shown). When peak duration was measured
correlated activity with at least one other motor unit, from crosscorrelograms constructed using 5 ms bins,
as indicated by a sharp peak in the crosscorrelogram in 8 of 13 cases, peaks that were present at 100, 50, or
(Figure 4; Table 1). No temporal correlations were ob- 25 ms disappeared. This is because two motor units
served in 25 motor units from P14–P15 muscles. Thus fired together so rarely within 5 ms windows that too
few events were present to contribute to a peak. In 5the firing of soleus motor units is temporally correlated
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Figure 4. Temporally Correlated Motor Unit Activity Is Present around Birth
(A) Raw EMG records (top; scale bar  0.15 mV, 4 s) and waveform overlays of two discriminated motor units (bottom, red and blue; scale
bar  0.2 mV, 2 ms).
(B) Crosscorrelogram analyses of motor unit pairs from P1 and P5 mice. The duration of the sharp peaks are 2 and 3 s, respectively. The
activity of motor unit pairs recorded from P8–P9 and P14–P15 mice was not correlated.
(C) The strength of temporal correlation for each pair of motor units was determined by the index k-1. Values above 0.3 indicated temporal
correlation (dashed line). The index k-1 values were significantly different between P0–P2 and P14–P15 motor unit pairs (p  0.017, Kruskal-
Wallis with Dunn’s pairwise comparison) (Table 1). Closed circles represent individual motor unit pairs; open circles and open squares represent
the mean  SEM and median index k-1 values, respectively.
(D) No relationship was observed between median motor unit firing frequency and the strength of correlation in motor unit pairs with an index
k-1 above 0.3 (r2  0.23). Closed circles, P0–P2; open circles, P3–P4; closed squares, P5–P6; open squares, saline-injected P3–P4 (see Figure
6; Table 1).
(E) No difference is observed in the width of the sharp peak in crosscorrelograms constructed with 100 ms bins (filled bars) or 25 ms bins
(open bars) for all correlated motor unit pairs from uninjected and saline-injected mice (see Figure 6). The average peak duration was 2.1 
0.2 s for 100 ms bins and 1.9  0.2 s for 25 ms bins (n  17 pairs; no significant difference; two-way t test, p  0.448).
(F) The strength of temporal correlation for each motor unit pair was determined by calculating a correlation index over 100 ms intervals;
values 	1 indicated temporal correlation. Open and closed circles represent motor unit pairs that did and did not have peaks in their
crosscorrelograms, respectively. Closed and open squares represent the mean  SEM and median correlation index values, respectively. A
significant decrease in the median correlation index was observed, from 2.8  0.7 at P0–P1 to 1.0  0.1 at P14–P15 (p  0.017, Kruskal-
Wallis with Dunn’s pairwise comparison).
(G) The proportion of correlated events within a 100 ms window was calculated for all motor unit pairs. Open and closed circles represent
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of 13 cases, however, a peak was detected, but the over short intervals or “epochs” with higher than median
motor unit activity. An epoch was defined as a periodwidth of the peak remained 1–2 s (data not shown). This
analysis showed that the time scale of correlations was of time during which the median firing frequency was
125% of the median rate across the entire record (seenot affected by the manner in which correlograms were
constructed. Experimental Procedures). Motor units from P0–P2 mice
generally had between 4–5 epochs lasting 30–40 s, whileOn the other hand, a proportion of correlated events
occurred within a time window of less than 1–2 s. For motor units from P14–P15 mice had only 1–2 epochs
lasting 40–50 s (Table 1). No change was observed ineach correlated pair, we determined the proportion of
correlated events that occurred from 5 ms to 5 s inter- the number or duration of epochs from birth to P8–P9.
A significant decrease in epoch number and increasevals. Very few events (zero to five events per pair) oc-
curred within in a window of 50 ms or less, consistent in epoch duration was seen at P14–P15 (p  0.001,
Kruskal-Wallis with Dunn’s pairwise comparison) (Tablewith the analysis described previously. However, most
motor unit pairs had at least ten events that occurred 1), consistent with the increase in overall motor behavior
(see previous data) and the change in motor unit firingwithin a window of 100 ms (data not shown). To examine
this more quantitatively, a correlation index was calcu- rate and pattern observed at this time (Figure 3).
Crosscorrelogram analyses showed that epochs withlated as a ratio of the number of events from one unit
that occurred within 100 ms of events from a second large index k-1 values and peak durations 10 s were
observed in all age groups (128/417 epochs from 107unit, divided by the number of events that would be
expected if the two units were firing at the same average motor unit pairs from P0–P15 mice) (Figure 5D, point to
the right of the dashed line). However, epochs with largerate but without any temporal correlation (Wong et al.,
1993) (see Experimental Procedures). A correlation in- index k-1 values and peak durations 5 s were only
observed in P0–P6 mice (39/234 epochs from 52 motordex of 1 indicates that the two units are firing indepen-
dently during this temporal window, while an index unit pairs from P0–P6 mice) (Figure 5D, point to the left
of the dashed line). Therefore, epochs were judged togreater than 1 implies that units are more likely to fire
within 100 ms than expected by chance. show temporally correlated motor unit activity when
peak durations were similar to those observed in motorUsing this measure, correlation indices greater than
1 were detected on a 100 ms timescale for some motor unit pairs across the duration of the recording (5 s)
(Table 1).unit pairs at P0–P15 (Figure 4F). At all ages, the largest
correlation indices were generally observed for those Motor unit pairs that demonstrated significant tempo-
rally correlated activity across the entire recording (13/motor unit pairs for which peaks were present in their
crosscorrelogram (open circles, Figure 4F). As ex- 77 motor unit pairs from P0–P6) generally had multiple
epochs with strong correlated motor unit activity withpected, a significant decrease in the median correlation
index was observed, from 2.8  0.7 at P0–P1 to 1.0  peaks of 5 s (39/116 epochs) (Figures 5A and 5D).
Temporal correlations between motor unit pairs was0.1 at P14–P15 (p  0.017, Kruskal-Wallis with Dunn’s
pairwise comparison). This suggests that, in P0–P6 modulated over time, because correlated activity was
seen in only 34% of these epochs. Pairs that weremice, some motor unit pairs are strongly correlated
across a time domain of 100 ms. uncorrelated across the entire record (107/120 motor
unit pairs from P0–P15) generally had no epochs of cor-We next asked what proportion of correlated events
occurred within a 100 ms window. For most pairs from related activity with peaks of 5 s (441/442 epochs)
(Figures 5B and 5D). These results indicate that corre-P0–P6 mice, less than 30% of correlated events oc-
curred within a 100 ms window (Figure 4G). Thus, the lated motor unit activity is present on several time
scales: over short intervals (seconds) of relatively highmajority of correlated events occur at intervals greater
than 100 ms. At P14–P15, a larger percentage of events activity or over longer intervals of lower sustained activ-
ity (minutes to hours).occurred within a 100 ms window, as expected from the
increased firing frequency observed at this age (Figure To verify that the temporal correlations observed dur-
ing epochs with large index k-1 values and short peak3). However, these events were not strongly correlated
(Figure 4F). Together, these data suggest that, during durations (5 s) were not simply due to ballistic animal
movement, correlations between motor unit pairs werethe first week after birth, temporally correlated motor
units fire together within a rather broad temporal win- evaluated during activity evoked by pressure to the tail
(n  3 P8–P9 mice; 7 motor unit pairs with 35 periodsdow, from 100 ms to 1–2 s.
of evoked activity). As expected, activity was elevated
and was relatively phasic following tail pressure, lastingTemporal Correlations during Short Epochs
of Elevated Motor Unit Activity 30 s (29  2 s). Significant temporal correlations were
seen between all motor unit pairs discriminated afterBecause motor unit firing was modulated in frequency
and pattern across the duration of the recording (Figure each stimulus (index k-1, 1.7  0.2) (Figures 5C and
5D). However, all of the peaks in the crosscorrelograms3), we determined the strength of temporal correlation
motor unit pairs that did and did not have peaks in their crosscorrelograms, respectively. Closed and open squares represent the mean 
SEM and median values, respectively. For most pairs from P0–P6 mice, less than 30% of events occurred within a 100 ms window. Two
motor units pairs from P0–P2 mice had more than 50% of their events occurring within a 100 ms window; these two units had the largest
correlation indices (Figure 4F). At P14–P15, a larger percentage of events occurred within a 100 ms window, as expected from the increased
firing frequency observed at this age (see Figure 3).
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Figure 5. Temporal Correlations during Short Epochs of Elevated Motor Unit Activity
(A) Crosscorrelogram for a P5 motor unit pair. A small peak, offset from 0, is present in the crosscorrelogram constructed using all spikes
from an hour long recording (upper left). Shown are three of nine epochs detected for this pair that showed activity at 125% of the median
activity across the entire record. Significant temporal correlations were present in 2/9 epochs, as indicated by the peak in the crosscorrelogram
and index k-1 values 	0.3. Epoch durations are 40, 25, and 15 s, respectively.
(B) Crosscorrelogram for a P15 motor unit pair. No peak was present in the crosscorrelogram constructed using all spikes within the record
(upper left). Three epochs were detected (20, 25, and 70 s, respectively); none showed correlations.
(C) Broad peaks are present in crosscorrelograms from a P8 motor unit pair during four consecutive 30 s periods of activity evoked by pressure
to the tail.
(D) The strength of temporal correlation (index k-1) is plotted against the duration of the peak in the crosscorrelogram for each epoch from
mice at each age examined (closed circles). Index k-1 values are generally larger for epochs than across the entire duration of the record
(note differences in y axis; see Figures 4C and 6D). Epochs without a peak, and thus index k-1 values around 0 s, were observed at all ages.
Epochs with long peak durations (	10 s) and index k-1 values 	0.3 were also observed at all ages. Short peak durations (5 s, points to
left of dashed line) and index k-1 values 	0.3 were only observed in P0–P6 mice. As shown in (C), in P8–P9 mice, all periods of motor unit
activity evoked by tail pinch had broad peaks in crosscorrelograms (	10 s) and index k-1 values 	0.3 (open circles; n  3 mice; 7 motor
unit pairs, 35 periods of evoked activity).
were very broad, longer than 10 s (21  1 s), as were pendent of the overall rate and modulation of motor unit
firing, and that correlations are transient, as they are noobserved for some epochs of spontaneous activity (Fig-
ure 5D, open circles). Thus, the short duration temporal longer present after the first postnatal week.
correlations observed in P0–P6 mice are not due to
intermittent ballistic animal movements during which Gap Junction Blockade Abolishes Temporally
Correlated Motor Unit Activitymotor units are highly active. Taken together, these re-
sults show that motor unit activity is temporally corre- Motor neurons are electrically and dye coupled around
birth, but coupling gradually disappears and is no longerlated around the time of birth, that correlations are inde-
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Figure 6. Temporal Correlations Are Abol-
ished by Carbenoxolone
(A) Raw EMG recordings (top; scale bar 
0.2 mV, 1.5 s) and waveform overlays of two
discriminated motor units (bottom, red and
blue; scale bar  0.2 mV, 2 ms) from a P4
saline- (left) and P3 carbenoxolone- (right) in-
jected mouse.
(B) Temporal correlations were observed in
the activity of 30% of motor unit pairs from
saline-injected pups (peak duration, 1.8 s).
No correlations were detected in motor unit
pairs recorded from carbenoxolone-injected
pups (right; Table 1).
(C) Index k-1 values were significantly differ-
ent between P3–P4 saline and carbenoxolone
injected motor unit pairs (p 0.004, unpaired
t test) (Table 1). Closed circles represent indi-
vidual motor unit pairs; open circles and open
squares represent the mean  SEM and me-
dian index k-1 values, respectively.
(D) Correlation index over 100 ms intervals
calculated for motor unit pairs from saline-
and carbenoxolone-injected mice. Open and
closed circles represent motor unit pairs that
did and did not have peaks in their crosscor-
relograms, respectively. Closed and open
squares represent the mean  SEM and me-
dian correlation index values, respectively. A
significant decrease in the median correlation
index was observed, from 1.8 0.3 for motor
unit pairs from saline-injected mice to 1.0 
0.1 for motor unit pairs from carbenoxolone-
injected mice (p  0.03, Mann-Whitney rank
sum test).
(E) The proportion of events that occurred within a 100 ms window was calculated for all motor unit pairs from saline- and carbenoxolone-
injected mice. Open and closed circles represent motor unit pairs that did and did not have peaks in their crosscorrelograms, respectively.
Closed and open squares represent the mean  SEM and median values, respectively. For all pairs, less than 30% of events occurred within
a 100 ms window.
detectable after P7 (Chang et al., 1999). We asked if difference was also observed in the index k-1 values
(Figure 6C; Table 1) and in the correlation index (saline,motor neuron gap-junctional coupling might underlie
the temporal correlations in motor unit activity that are mean 1.8  0.3; carbenoxolone, 1.0  0.1; p  0.03,
Mann-Whitney rank sum test) (Figure 6D) between thesepresent over a similar developmental window, and
whether the loss of gap-junctional coupling among mo- groups. As was observed for pairs from unmanipulated
animals, less than 30% of events occurred within a 100tor neurons may also underlie the loss of temporally
correlated motor unit activity. To address these possibil- ms window (Figure 6E).
While strong temporal correlations were abolishedities, P3–P4 littermates received either 100 mg/kg carbe-
noxolone dissolved in sterile 0.9% NaCl injected i.p. after carbenoxolone injection, no significant differences
were observed in overall animal activity or median motor(n  5), or an equivalent amount of 0.9% NaCl (n  6).
Carbenoxolone given at this dose i.p. has been shown unit firing frequency between carbenoxolone and saline-
injected pups (Table 1). While fewer epochs of higherto cross the blood-brain barrier (Jellinck et al., 1993)
and has been used to block gap junctions in a wide than mean motor unit activity were observed in carbe-
noxolone-injected pups compared to saline-injectedvariety of tissues (Davidson and Baumgarten, 1988), in-
cluding spinal cord in vitro (Chang et al., 1999; Milner pups (Table 1), the analyses presented above and in
Figure 5 show that correlations are not derived solelyand Landmesser, 1999; Tresch and Kiehn, 2000). One
hour following injection, single motor unit recordings from epochs. Thus, the somewhat lower number of ep-
ochs in carbenoxolone-treated pups does not contrib-were made from the soleus muscle; the experiment was
performed blind throughout the recording and subse- ute to the loss of temporally correlated motor unit activ-
ity. These data suggest that gap-junctional couplingquent analyses.
Carbenoxolone abolished temporally correlated mo- contributes to the temporal correlations in motor unit
activity during the initial days after birth.tor unit activity (Figure 6) without altering the overall
pattern or rate of motor unit firing (Table 1). Four of
fourteen motor unit pairs showed correlated activity in Discussion
saline-injected pups (Figures 6A and 6B), similar to that
observed in unmanipulated animals (Table 1). However, We studied the temporal aspects of motor neuron activ-
ity and how these change during the days after birthnone of 19 motor unit pairs were correlated in carbenox-
olone-injected pups (significantly different, Fisher’s ex- when activity-dependent competition occurs at neuro-
muscular synapses. Spontaneous motor unit activityact test, p  0.024) (Figures 6A and 6B). A significant
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was low at birth, reaching nearly adult levels only by until after P8–P9 (Figure 3; Table 1). Spontaneous activ-
P14–P15. Thus, synaptic competition seems to occur in ity during late embryonic life also appeared to be rela-
a milieu of surprisingly low neural activity. Motor neuron tively low (Buffelli et al., 2000). Despite low levels of
activity is temporally correlated around the time of birth, activity at birth, an16-fold variation in activity of soleus
and correlations are no long present after the first post- motor neurons was observed at birth and also in older
natal week. Temporally correlated motor unit activity mice (Table 1). Because motor behaviors involving the
appears to be mediated, at least in part, by gap-junc- hindlimbs change rapidly from P9 to P14, including the
tional coupling among motor neurons during the first ability to bear weight (Clarac et al., 1998), motor unit
week after birth (Chang et al., 1999). firing frequency in postural muscles like the soleus
would also be expected to change during this period.
Single Unit Electromyography Reflects Motor Motor unit firing frequencies similar to those recorded
Neuron Activity in walking adult rats (Hennig and Lomo, 1985) were ob-
Here, we report the patterns of single motor neuron served in P14–P15 mice (9–12 Hz) (Table 1) when motor
activity in awake, behaving neonatal mice using single behaviors are qualitatively similar to those observed in
unit EMG recording. This technique allows the supra- adult animals (Westerga and Gramsbergen, 1993, 1994;
threshold activation of groups of muscle fibers to be Clarac et al., 1998). Interestingly, some motor units with
recorded as a compound muscle fiber action potential very low firing rates (0.5 Hz) are present even in P14–
(cf. Nordstrom et al., 1992). In adults, muscle fibers are P15 mice, suggesting that there is a gradient of matura-
singly innervated, thus the contraction of each muscle tion of motor unit activity that may affect the develop-
fiber contributes to the electrical signature of only one ment of recruitment order and other functions.
motor unit. Because muscle fibers in neonates are multi- Despite the fact that the activity of the majority of
ply innervated by several different motor neurons, the soleus motor neurons was overall very low at birth, activ-
suprathreshold activation of a muscle fiber likely con- ity among different motor units was highly temporally
tributes to the electrical signature of several different correlated. From birth to P2, 60% of motor units were
motor units. There are two situations where this could coactive with at least one other motor unit, with motor
potentially complicate an analysis of motor unit activity units tending to fire within 100 ms to 1–2 s of each other
patterns. If two motor neurons coinnervated precisely (Figure 4; Table 1) (see also Buffelli et al., 2000). This
the same group of muscle fibers, their electrical signa- suggests that the temporal correlations between motor
tures could not be discriminated because the compound units occur over a broad time window. In the present
muscle fiber action potential waveform generated by work, temporal correlations were observed when motor
each would be identical. However, graded tension and unit activity was compared over 1–2 hr periods, as well
other experiments show that entirely overlapping in- as over shorter epochs (seconds) of activity. Because
nervation is rare (cf. Brown et al., 1976). Because of the some epochs of activity were uncorrelated, temporal
high degree of convergent innervation in the soleus, it correlations themselves may not be fixed but, rather,
is common for two motor neurons to innervate some, modulated over time.
but not all, of the same fibers. If the muscle fibers from Analyses of the spontaneous activity of retinal gan-
which the compound muscle fiber action potentials are glion cells during visual system development suggest
recorded are innervated by more than one motor neuron, that temporal correlations occur within a window of sev-
the activity of the different motor neuron inputs can be eral seconds (Wong et al., 1993, 1998). On the other
followed as long as the motor neurons are firing more hand, in retinotectal neurons in vivo (Zhang et al., 1998)
than 2–4 ms apart (the duration of an individual muscle and dissociated hippocampal neurons in vitro (Bi and
fiber action potential). When the inputs to the same Poo, 1998), the temporal differences in presynaptic ac-
muscle fiber are active within 2–4 ms, the resulting wave- tivity that can modulate synaptic strength occur within
forms will overlap and no longer match the electrical
a window of20 ms. The endogenous patterns of activ-
signature of either motor unit. A third limitation of this
ity that occur during neuromuscular competition in vivo
technique is that when motor inputs to muscle fibers
that we describe here suggest that the relevant temporalbecome subthreshold for generating muscle fiber action
window for modifying synaptic strength is rather broad,potentials, those fibers no longer contribute to that unit’s
on the order of 100 ms to 1–2 s.electrical signature. Thus subthreshold inputs to muscle
fibers are not sampled. Finally, if the activity of one
Patterns of Motor Neuron Activity Modulatemotor neuron were correlated with that of only a small
Synaptic Competitionnumber of other motor neurons, recording from a small
Work at neuromuscular and other synapses has sug-subset of the total number of soleus motor units would
gested that competition occurs in a largely Hebbianlimit the detected extent of correlated activity. Thus, it
fashion, in that postsynaptic cells discriminate amongis possible that the prevalence of temporal correlations
the activity of their multiple inputs and selectivelyamong motor neuron activity may have been underesti-
strengthen more-active ones (reviewed in Lichtman andmated in our experiments. Despite these limitations, we
Colman, 2000). Differential stimulation and blockadehave demonstrated that single motor unit EMG tech-
paradigms have suggested that more-active motor in-niques can be used to follow the pattern of activity of
puts have a competitive advantage over less-active in-multiply innervated motor units in neonatal mice.
puts in maintaining innervation with muscle fibers
(Thompson, 1983; Ribchester and Taxt, 1983; Ridge,Spontaneous Motor Neuron Activity Is Low
1984), although similar experimental approaches havebut Temporally Correlated around Birth
been used to argue that inactive motor axons can dis-At birth, spontaneous motor unit activity was low, and
little change in motor unit firing frequency was apparent place active motor inputs (Callaway et al., 1987; Rib-
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Figure 7. Possible Relationship among Gap-
Junctional Coupling, the Loss of Temporally
Correlated Motor Neuron Activity, and Synap-
tic Competition
During late embryonic and early neonatal de-
velopment (left), muscle fibers are multiply
innervated by several motor neurons (red,
green, and blue). Here, we report that the ac-
tivity of motor neurons innervating the same
muscle is temporally correlated (top). Phar-
macological manipulations suggest that cor-
relations are likely to be due, at least in part,
to gap-junctional coupling among motor neu-
rons (yellow ovals). Other mechanisms, such
as sensory feedback from muscle, descend-
ing inputs, and local circuit connections (gray
lines) may also modulate motor neuron firing.
After birth (middle), temporally correlated
motor unit activity progressively disappears
(red motor neuron firing no longer correlated
with green and blue motor neurons). Motor
neuron gap-junctional coupling also disap-
pears (Chang et al., 1999). Loss of temporally correlated activity may allow the postsynaptic muscle fiber to discriminate between its inputs,
triggering synaptic competition leading to single innervation. By P14–P15 (right), the soleus motor unit activity is no longer temporally correlated,
although overall activity is increased compared to birth (top), and each muscle fiber is singly innervated.
chester, 1993). Recent work from Costanzo et al. (2000) adult neuromuscular junctions (Balice-Gordon and Licht-
man, 1994). Blocked receptors disappeared over a pe-showed that inactive inputs could displace other inac-
tive inputs during synaptic competition that occurs dur- riod of several days, and nerve terminals overlying the
blocked receptors were subsequently withdrawn. How-ing reinnervation of adult muscle. While this work sug-
gests that activation of postsynaptic muscle fibers may ever, if all receptors within a junction were uniformly
blocked, no loss of pre- or postsynaptic regions wasnot be required for competition to occur, the interpreta-
tion of these experiments is complicated by the possibil- observed. This showed that synapse loss was not due
to inactivity per se, but rather to differences in activityity of low levels of spontaneous activity and by the ef-
fects of paralysis on the growth, sprouting, and withdrawal sensed by postsynaptic cells. When activation of post-
synaptic sites was uncorrelated, silent synaptic sitesof inactive axons. Nonetheless, because regenerating
inactive axons can displace other inactive axons, this were destabilized and removed.
This result predicted that synchronous activation ofsuggests that activity is a modulator rather than a media-
tor of competition (Costanzo et al., 2000). Our results postsynaptic muscle fibers might slow or prevent syn-
apse loss. Busetto et al. (2000) tested whether correlatedsuggest that a significant portion of synaptic competi-
tion occurs when motor neuron activity is surprisingly activation prevented the elimination of multiple innerva-
tion at ectopic newly formed synapses in reinnervatedlow, signifying that some previous experimental pertur-
bations of activity shown to affect synaptic competition adult rat muscle. They showed that multiple innervation
was maintained when motor axons were stimulated syn-may not be physiologically relevant.
The modulation of competition by activity appears to chronously. Together, these results suggest that synap-
tic loss is triggered by uncorrelated activity, while lossdepend, at least in part, on the muscle fiber’s ability to
detect relative differences in the activity of its motor is slowed or prevented by correlated activity.
Alternatively, synapse elimination might be modulatedinputs. When all inputs are synchronously active, a mus-
cle fiber might not discriminate among inputs, and thus by the overall increase in motor neuron activity that
occurs after birth, not solely by changes in the relativeall synapses would be maintained (Figure 7, left). Consis-
tent with this hypothesis, during late embryonic and pattern of activity among inputs innervating the same
muscle fiber. However, this seems unlikely, because aearly postnatal life, the synapses of different inputs are
relatively equal in size and strength, and remain so for substantial amount of synapse elimination occurs dur-
ing the first week after birth when overall motor neuronseveral days (Balice-Gordon et al., 1993; Colman et al.,
1997). Alternatively, the establishment of multiple in- activity is low. Between 50%–60% of soleus muscle
fibers become singly innervated between P0 and P8–P9nervation may be a consequence of other mechanisms
unrelated to the level or pattern of activity. These possi- (Figure 1A), before increases in activity levels were ob-
served (Figure 3A). Thus, the first muscle fibers becomebilities remain to be explored at neuromuscular and
other synapses. singly innervated 2 weeks before the last muscle fibers
to undergo synapse elimination. Those that undergoWhen inputs are asynchronously active, muscle fibers
might discriminate among them on the basis of their synapse elimination early may be innervated by motor
neurons whose activity becomes uncorrelated early, andrelative activity, rewarding more-active inputs and pun-
ishing less-active ones (Figure 7, middle and right). This those that undergo the process later may be innervated
by motor neurons whose activity becomes uncorrelatedidea was tested by asking whether the differential activa-
tion of postsynaptic regions led to the loss of inactive relatively late (Figure 7). Thus, the relative pattern of
activity among inputs innervating the same muscle fiber,synaptic sites using 
-bungarotoxin blockade of acetyl-
choline receptors in small regions of singly innervated rather than the total amount of activity, appears to be a
Neuron
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Experimental Procedureskey determinant of the outcome of synaptic competition.
Synchronous activity may prevent muscle fibers from
Analyses of Motor Behaviordiscriminating among their inputs and suppress mecha-
Video recordings of motor behavior were made for 2 hr in the a.m.
nisms that lead to the loss of less active inputs. Our and p.m. of three litters of eight to ten pups (CD-1 mice, Charles
work indicates that synchronous activity that may slow River, Inc.) at P3, P5, P8, and P15. The percentage of pups outside
or prevent synaptic loss is present around the time of of the nest and of animals moving within the nest was determined.
Analysis was started 30 min into the recording so that the animalbirth, and that asynchronous activity that may trigger
movement was unaffected by the recording set-up period.synapse loss is present at the time competition occurs.
Analyses of Patterns of Muscle Innervation
Mechanisms Shaping Motor Neuron Activity Immunostaining of motor axons and nerve terminals and postsynap-
Several possible mechanisms may underlie the loss of tic acetylcholine receptor clusters in P1–P14 mice was performed as
temporally correlated motor neuron activity observed described in O’Malley et al. (1999). Immunostained neuromuscular
junctions were analyzed by conventional epifluorescence (Leicaover the first two postnatal weeks. These include the
DMRBE, 100, 1.4 n.a. oil objective) or confocal microscopy (Leicaingrowth of sensory afferents and descending cortical
TCS 4D system). The number of axons innervating acetylcholineinputs that may contribute to correlated central drive,
receptor clusters was counted in 25–90 junctions from each of threechanges in the intrinsic excitability of motor neurons,
muscles from P1–P14 mice.
maturation of local synaptic connections, and loss of
gap-junctional communication among motor neurons. Single Motor Unit EMG Recording from the Soleus Muscle
The ingrowth of sensory afferents appears to be com- P0–P15 mice were anesthetized by placing them on ice for 3–5 min
or by intraperitoneal injection of 0.05–0.2 cc of a mixture of 17.4plete by birth in rodents (Kudo and Yamada, 1987). The
mg/ml ketamine and 2.6 mg/ml xylazine (Phoenix Pharm., St. Jo-corticospinal tract reaches the lumbar level by about P6
seph, MO). All animals also received an intraperitoneal injection of(Clarac et al., 1998). Correlated firing among these and
2.5 mg/kg of Diazepam (Abbott Lab., N. Chicago, IL) as requested
other inputs to a motor pool could, in turn, influence the by the University of Pennsylvania’s IACUC in an attempt to reduce
temporal aspects of motor neuron firing (Figure 7). The stress. Two P9 mice were tested without Diazepam; the period
intrinsic excitability of motor neurons and local circuit to recover from anesthesia, begin spontaneous movement, overall
motor behavior, and the pattern and frequency of discriminatedconnections may also be dynamically altered during this
motor unit activity were similar to that in treated mice.period.
A small incision was made in the lateral skin of the distal hindlimbGap junctions have been shown to synchronize and/
to expose the soleus muscle, and 2% Lidocaine (Phoenix Pharm.,or modulate the firing of several types of neurons in the
St. Joseph, MO) was applied to the incision margins. Mice were
developing as well as mature brain (Feller, 1999). While placed in a standing position with the hindlimbs restrained by soft
in some neurons gap junctions precisely synchronize dental wax. The animal’s forelegs and thorax were loosely wrapped
in a Kimwipe (Kimberly-Clark) pinned to the recording dish. A card-activity, in other cases, gap junctions may bias the firing
board barrier was placed in front and above the animal’s head toof neurons to be correlated over longer time scales. This
prevent forward and turning movements. The lateral gastrocnemius,may be related to the location and biophysical proper-
flexor hallucis longis, and peroneous longus muscles were retractedties of the repertoire of gap junctions expressed in par-
from the soleus using blunt dissectionm, and a 125 m tip diameter
ticular neurons. In the developing chick retina, ganglion Teflon-coated platinum wire with a beveled tip (A-M Systems Inc.,
cells spontaneously fire within 1–2 s of each other, and Everett, WA) was threaded under the soleus muscle. A single 75
firing patterns are modulated by local circuit connectiv- m tungsten microelectrode (500 k, FHC Inc., Bowdoinham, ME)
was inserted longitudinally into the soleus near the endplate band,ity as well as by gap-junctional coupling among retinal
and the entire field was bathed in mineral oil to reduce electricalganglion cells (Wong et al., 1998). In the spinal cord, gap-
crosstalk (Figure 1C).junctional coupling is present among motor neurons of
EMG signals were filtered (500 Hz high pass) and differentiallythe same motor pool at birth, but is no longer present amplified (negative pole, 125 m wire; positive pole, 75 m micro-
by P7 (Chang et al., 1999). The timing of the loss of electrode) through a high resistance custom-made preamplifier (10
motor neuron gap-junctional coupling closely matches gain) and amplifier (DBA-H-4, WPI, Inc.). Signals were acquired digi-
tally onto a PC and analyzed using interactive software (Spike2,the loss of temporally correlated motor neuron activity
CED, Inc., Cambridge, UK). Acquisition was begun when spontane-(Figure 7). Blockade of gap junctions using carbenoxo-
ous motor unit activity was observed as the animals recovered fromlone abolished temporal correlations in motor unit activ-
anesthesia. Overall animal activity was evaluated on a 5-point scaleity, without changing overall motor behavior, motor unit
at the end of the recording (0, no response to tail pinch; 5, normal
activity patterns, or firing frequency. However, systemic coordination). Animals generally scored a 3 or 4 (spontaneous walk-
administration of carbenoxolone in vivo affects gap- ing, poor coordination). Recordings were generally stable for 1–2 hr.
junctional coupling among a variety of neurons and glia In some experiments, after EMG recordings were made, animals
were removed from the restraint, reanesthetized, and the nerve toand may, thus, indirectly modulate motor neuron activity
the soleus muscle was cut with iridectomy scissors under a dis-patterns. Despite this limitation, these experiments sug-
secting microscope. Animals were repositioned in the restraint, andgest that the loss of correlated motor unit activity is
electrodes were returned to their original position. After recovery
likely to be due, at least in part, to the loss of gap- from anesthesia, recordings from denervated soleus muscles were
junctional coupling among motor neurons. Thus gap made for at least 200 s. In the same mice, recordings of at least
junctions, together with other mechanisms, may in- 200 s were also made from the lateral gastrocnemius before and
after soleus denervation to independently evaluate muscle activitycrease the likelihood that motor neurons fire together
before and after this procedure. Animals were subsequently euthan-in the range of 100 ms to 1–2 s. Future studies will
ized. All procedures were approved by the IACUC of the Universitybe aimed at understanding the relative roles of gap-
of Pennsylvania.junctional coupling and other mechanisms in shaping
motor neuron activity, and how these, in turn, affect the Pharmacological Blockade of Gap-Junctional Coupling
timing mechanisms underlying competition at neuro- P3–P4 littermates received intraperitoneal injections of 100 mg/kg
carbenoxolone (200 M, Sigma, St. Louis, MO), a widely used gapmuscular synapses.
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junction blocker (Davidson and Baumgarten, 1988; Jellinck et al., was maintained at 100 ms. The 100 ms bin width was used because
it was the time period that reliably resulted in detectable peaks1993; Chang et al., 1999; Milner and Landmesser, 1999; Tresch and
Kiehn, 2000), dissolved in sterile 0.9% NaCl (n  5) or an equivalent in crosscorrelograms. Increasing crosscorrelogram duration never
lead to a peak, if a peak was not already present using standardamount of 0.9% NaCl (n  6). Motor neuron electrical and dye
coupling in hemisected spinal cord in vitro are abolished at 20–100 parameters. In motor unit pairs with temporal correlation, a 2- to
4-fold increase in the total duration of the crosscorrelogram (25,M, but not at lower doses (our unpublished results; see also Chang
et al., 1999), and no effect on overall motor and motor unit activity 50, 100 s) had no effect upon the index k-1 (p  0.72, Kruskal-
Wallis with Dunn’s pairwise comparison; data not shown). Thesewas observed. Injections were made 1 hr prior to the onset of re-
cording. Experiments were performed blind during recordings and analyses showed that motor unit firing frequency, the bin width used
to construct crosscorrelograms, and the duration of crosscorrelo-analyses.
In one series of experiments, intracellular recording from P0–P14 grams had no effect upon the detection of significantly temporally
correlated motor unit activity.muscle fibers was performed as described in Kopp et al. (2000).
Muscle fibers with resting potentials more negative than 60 mV To examine correlations at specific time scales, a correlation index
was calculated as a ratio of the number of events from one unit thatwere iontophoretically injected with Neurobiotin, a low molecular
mass compound that readily crosses gap junctions among a variety occurred within a 5 ms to 5 s window of events from a second unit,
divided by the number of events that would be expected if the twoof cells (n  at least 4 muscle fibers, spaced 500 m apart, from
each of 3 muscles at P0, P4, P7, and P14). After 2–4 hr, muscles units were firing at the same average rate but without any temporal
correlation, as described in Wong et al. (1993). A correlation indexwere processed using fluorescently conjugated streptavidin, and
the number of labeled muscle fibers was analyzed by confocal mi- of 1 indicates that the two units are firing independently during this
temporal window, while an index of 	1 implies that units are morecroscopy as described in Chang et al. (1999). No evidence of dye
transfer among muscle fibers was observed at any postnatal age likely to fire within this window than expected by chance. The per-
centage of events that occurred within a given temporal window(data not shown).
was determined by counting the number of response unit events
that occurred within a given time of reference unit events, divided
Analyses of Single Motor Unit Activity by the total number of response unit events.
Single motor units were discriminated offline using Spike2 software Motor units were rarely active across the entire recording period,
that sorts individual motor units based upon the unique shape of and firing frequency varied widely during the recording period. Thus,
their compound action potential. Eight to ten single motor units the frequency and pattern of motor unit activity was also evaluated
could be discriminated from each muscle, and typically two to five during short epochs of higher than median activity. Analysis of mean
exhibited sufficient activity across the entire record to be further motor unit firing frequency over bins of 10 s was used to determine
analyzed. The accuracy of motor unit discrimination was verified by the location and duration of each putative epoch (cf. Figure 3B).
measuring the amplitude, duration, and first and/or second major Epochs were analyzed further when the median firing frequency
slopes of each waveform identified as being generated by a discrimi- during the epoch was 125% of the median firing frequency across
nated motor unit. Cluster plots were generated in Sigma Plot (SPSS, the entire record. The frequency of activity within epochs was signifi-
Inc., Chicago, IL) and MANOVA with post hoc multivariate signifi- cantly shifted to the right of randomly assigned epochs, indicating
cance tests were used to determine whether the discriminated motor that this criterion defined periods of significantly higher motor unit
unit clusters were different. Mean and median motor unit firing fre- activity (data not shown; one way t test assuming unequal vari-
quency were determined from interspike interval histograms (1000 ances). Crosscorrelation analyses were performed when one or both
60 ms bins spanning a period of 60 s). motor units had firing frequencies that were above the 125% thresh-
Crosscorrelation analyses were used to determine whether any old during an epoch.
two motor units within a recording showed correlated activity (Sears All values are reported as mean  SEM unless otherwise noted.
and Stagg, 1976). Histograms were generated and analyzed at bin Statistical analyses were performed in Sigma Stat (SPSS, Inc., Chi-
widths of 5, 25, 50, 100, 500, and 1000 ms and spanned a period cago, IL) and Matlab (MathWorks, Inc., Natick, MA).
of 2.5–100 s before and after the discharge of a reference unit.
Generally crosscorrelograms were generated and analyzed with 100
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